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SUMMARY 

Flutter  data  were.obtained  in  the Langley  4.3-foot f lu t te r   research  
tunnel for three  delta-wing mdels having  their  leading edges swept 
back 45O. The tests covered a range  of  tunnel  pressures  corresponding 
t o  a l t i t udes  from sea   l eve l  t o  78,000 feet. 

Two of the models tested f lut tered  over  the range of pressures a t  
values  of  the  indicated f lutter velocity and the f l u t t e r  frequency which 
were essentially  constant.  Cutting off the   re la t ive ly   f lex ib le   t ips  of  

indicated  f lut ter   veloci ty  and the frequency  of the third model varied 
great ly  w i t h  a i r   dens i ty   o r   a l t i t ude  due t o  changes i n  the mode of 

the   f lu t te r   ve loc i ty .  

0 these models had only a minor e f fec t  upon the   f l u t t e r   ve loc i ty .  The 

. flutter. Cutting off t h e   t i p   f o r  this case had a pronounced e f f ec t  upon 

The natural   vibration modes of  these models were found experimentally 
and revealed an appreciable amount of camber bending, especially a t  the 
higher  frequencies. 

INTRODlJCTION 

Delta-wing  plan forms have recently  gained  widespread  interest as 
high-speed plan forms and w i l l  undoxibtedly a t t r ac t   a t t en t ion  from f l u t t e r  
analysts. Because of  the  comgaratively  recent development of the   de l ta  
wing, however, very few experimental-flutter data are  available.  To 
provide  additional  experimental data for  possible  corroboration of a 
theoret ical   analysis ,   the  series of  -experiments reported  herein w a s  
undertaken. 

” 

These experiments were carried  out at tunnel  pressures  corresponding 
t o  an a l t i t ude  range from sea l e v e l  t o  approximately 78,000 feet fn order 
to determine  the  effects  of  altitude upon the f lu t t e r   cha rac t e r i s t i c s .  

9, 
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A t o t a l  of 90 f l u t t e r  tests were performed on three wing models 
having  leading  edges  sweptback 45O. Two of  these models were mounted 
as cantilevers  while. the  third-was free to r o l l .  One of the  cantilevers 
was a f l a t   p l a t e  of aluminum oPconstan. t thikness   while   the  other  two 
models were constructed of  aluminum and balsa wood shaped to  an NACA 
16-004 a i r f o i l  f n  the stream direction. 

It seemed l ike ly   tha t -   the   re la t ive ly   f lex ib le   t ips  of the models 
would have a significant  bearing on the f l u t t e r  speed;  consequently, 
upon completion of the f l u t t e r - t e s t s   o H h e   b a s i c  wing plan forme , the 
t e s t s  were repeated, first with 0.7 percent- of. t he   t u t a l  wing area ( 1/12 of 
the span)  cut-from  the t i p s  and l a t e r  w i t h  2.8 percent of  the  area (1/6 of 
the span) cut from the  t ips .  

Because of the d i f f i cu l t i e s ,  as well   as the uncertainties of cal- 
culating the natural vibration modes of delta wings, the modes of  each 
model were obtained  experimentally by using a photographic  technique. 

SYMBOLS 

density of tes t ing  medium, slugs per  cubic  foot 

standard  density a t  sea level,  0.002378 slug  per  cubic foot  

f lu t te r   ve loc i ty ,  feet per second 

indicated  f lut ter   veloci ty ,  f e e t  per second 

Mach number a t  f l u t t e r  

angular   f lu t te r  frequency,  radians  per second 

natural  vibration  frequency of wing in the  nth mode, radians 
per second 

mass of wing per  unit  length,  slugs  per  foot 

mass moment of i n e r t i a  of wing section  per foot of span 
about i t s  center  of  gravity, slug-*& 

length of"semispan model measured normal t o  stream direction 

mass r a t i o  (42r) 
semichord of wing in stream direction 

- 

. .. 
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Wind tunnel.- The f l u t t e r  tests were made i n  the Langley 4.5-root 
flutter  research  tunnel.  This tunnel i s  of the closed-throat  single- 
return  type in which the  pressure may be va r i ec  from approximately 
0.5 inch  of  mercury  absolute t o  atmospheric  pressure. 

Models.- One of the  three models tested, Ia, was constructed as 
shown i n  figure 1. Model IIa was a full-span model w i t h  freedom to roll 
about i t s  longitudinal  axis.  Construction  of  this model w a s  similar to  
that of model Ia. The t o t a l  span was 36 inches  with  each wing protruding 
16.5 inches from a 3-inch-diameter simulated fuselage. The thickness 
of the 2 h - T 3  i n se r t  was the same as that used i n  model Ia, namely, 
0.020 inch. Model I I Ia  was a f l a t  p l a t e  of 0.102-inch 2&-T3  aluminum 
alloy  with rounded leading  and  trail ing edges. The plan form was 
ident ical   wi th   that  of model Ia. 

During the  course  of  the  f lutter  tests,   portions of t he   t i p s  were 
cut  from all the models in  order  to  determine  the  effects of the rela- 
t i ve ly   f l ex ib l e   t i p s  upon the f lut ter  speed. With one-twelfth  of the 
span cut   off ,   the  mdel designations were  changed to Ib, In, and IIIb. 
Likewise, when one-sixth  of  the span w a s  remove& from the t ip ,  the 
designations b-ecame IC, I Ic ,  and I I I c .  

L 

Four s e t s  of s t r a i n  gages were mounted on each wing as shown i n  
figure I for  recording  the  bending and to rs iona l  stresses a t  these  points. 

I 

DETEFMINATION OF MOmL P-TERS 

Significant  structural  parameters that may be'conveniently  used 
f o r  a theoret ical   f lut ter   analysis   of  a de l t a  wing  have not been defi- 
ni te ly   es tabl ished.  It is  generally  believed that an ana lys i s   u t i l i z ing  
some form of  influence  coefficients would more accurately  represent the 
problem than an ana lys i s   u t i l i z ing  beam theory. The poss ib i l i t y   ex i s t s ,  
however, that use of the simpler beam theory m i g h t  r e s u l t   i n  a reasonably 
good approximation  of  the f l u t t e r  speed.  Accordingly, some model 
parameters were determined. that might be useful f o r  each  of the methods. 

Tables I and I1 give  the  influence  coefficients  for models Ia and 
IIIa. These coefficients  are  given  as the deflection i n  inches  per  unit 
load  for  each of the  16 s ta t ions  on the wing shown i n  fZgure 2. - 

In' connection  with beam theory, two l o c i  of f lexual  centers were 
obtained  for  each of the wing models. The first of these   loc i  w a s  
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located  by  successively  applying a concentrated  .-load. at various  points 
along a chord 1 y i n g . h   t h e  s t ream  direct ion  unt i l   a .point  was located 
which  produced no twisting bf this chord.  This  procedure was then 
repeated  at-several spanwise s ta t ions  uritil enough points were obtained 
t o  enable  the .drawfng of& smooth curve. The second  locus of f lexual  - 
centers w a s  found i n  a similar manner but  the  chord was considered -t;o be 

so obtained  are shown in figure 3. . .. - 

7 

I .  

I 

.normal to   the   b i sec tor  o? the t i p  angle. .The l o c i  of  flexural centera 

Two section  centers of  gravity were also found  for  each model. The. 
section  centers af gravi ty  i n  the stream direct-lon  and normal t o  the 
b i sec t a r  of  the   t ip   angle   . for  model I were a t  49 percent and 48 percent 
of the chord, respectively, - f o r  model 11, a t  48.8 percent and 49.5 per- 
cent,  respectively.  30th  centers of gravity of  the   f la t -p la te  model 
were, of  course,  at-50  percent  of  the  chord. 

The var ia t ion -of  mass along the span ( cho.rd pa ra l l e l   t o   t he  .air 
stream) for the. various models i s  p lo t t ed   i n  figure 4. A l s o  plo t ted  i s  
the  variation of ma66 along t h e  b isec tor  of  t h e   t i p  angle, i n  which catie 
the  chord was considered . % o -  be normai -to this l i n e .  

Figure 3-mves the .var ia t ion of the mass moment of i n e r t i a  o f  the 
wing sections along the  span as well.as along  the  bisector o f  t h e   t i p  
angle. One set of curves Shows- the  mass -moments of  inertia. of the 
sections  about an. axis normal to the air stream and passing  through the 
section centers .&  gravi ty .  The remaining curves are- the mass moments 
of fne r t i a  of the  section  about an a x i s . p a r a l l e 1   t r t h e   b i s e c t o r   o f   t h e  
t ip   angle  and  passing  through the section  centers of  gravity. 

It should  be  pointed  out that where the span is  measured i n  the 
direct ion of the midchord, the  values of center of gravity,  m, and IC. 
n e a r   t h e r o o t  were extrapolated to correspond to values of a f i c t i t i o u s  
plan form as shown b j t t h e  dashed l ines  in   f igure  1. 

The natural   vibration modes of  the wings were obtained  experimentally 
by exciting  each of the wings a t - ' i t s  n a t u r a l  vibration  frequencies and 
photographing  the wing a t  the maximum amplitude of the  cycle  (reference 1) . 
The resul t ing  ampli tudes.   are   plot ted  in  figures 6 t o  9. The wings were 
excited by means of a- ca l ibra ted   e lec t ronic   osc i l la tor   d r iv ing  a magnetic 
shaker.  Photographs of model I1 were not  made---It-appeared, however, 
tha t   the  vibration-mode  shapes o f t h i s  model were very similar lm those 
of mDdel I-. " 
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The natural  vibration  frequencies were recorded  while  photographing - the  natural   vibration  mdes  and were as follows: 

Model - 
Ia 
Ib 
IC 
IIa 
IIb 
I1 c 

IIIa 
IIIb 
IIIC - 

9 
(radians/sec) 

867 
917 
973 
1840 
1950 
2070 
"" 

"" 

"" 

Since   f lu t te r  i s  generally a destructive phenomenon it is  necessary - to exercise  great  care  during a f l u t t e r   t e s t .  The tunnel  speed was, 
therefore,  increased slowly during  the runs, the  increases  being i n  

c r i t i c a l   f l u t t e r  speed, the  necessary  tunnel data w e r e  recorded  and an 
oscillograph  record of t h e   f l u t t e r  frequency w a s  taken. The tunnel  speed 
was then immediately  reduced in order to preserve  the model. A sample 
oscillograph  record.+en. a t  f l u t t e r  i s  shown as figure 10. 

. smaller  increments as t h e   c r i t i c a l   f l u t t e r  speed w a s  approached. A t  the 

In   these  tes ts ,   the  tunnel was operated a t  pressures from approxi- 
mately atmospheric  pressure t o  1/25 atmosphere,  corresponding t o  an 
a l t i t ude  range  from sea leve l  to approximately 78,000 fee t ,  and a t  Mach 
numbers up t o  0.81. The Reynolds number a t  f lut ter ,   based on the  chord 
a t  midsemispan, varied f r o m  0.33 X 10 to 4.19 X lo6. 6 

Measurements taken  during  the tests included  static  pressure, dynamic 
pressure,  temperature, and t h e   f l u t t e r  frequency. From these  data  the 
density of the   t es t ing  medium, flutter  velocity,  mass-ratio  parameter, 
i nd ica t ed   f l u t t e r   ve loc i ty ,   f l u t t e r  frequency, Mach number, Reynolds 
number, and equivalent  standard  density  alt i tude were computed. These 
parameters are compiled i n  tables  111, IV, and V. 

8. 

In   order  t o  ascertain whether the models had  been damaged o r  weak- - ened by flutter,   oscil lograph  records were taken  before  and after each 
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run a t  zero  airspeed with ithe models e x c i m  at- t h e i r  first and  second 
natural  frequencies.. ' These frequencies  did  not change a measurable 
amount throughout  the series of tests. 

RESULTS AND DISCUSSION 

Resul t s   o f   f lu t te r  tests are given i n  figures 11, 12, and 13 i n  
which the  indicated f lu t te r  veloci ty  V i ,  a s .we l l  as the circular 
f l u t t e r  frequency w ,  i s  plotted  against- s t e r d  dens i ty   a l t i tude .  

Effects  of  al t i tude.-  A s  can be seen from figure 11, both  the 
ind ica ted   f lu t te r   ve loc i ty  and the flutter. .frequency of the f-t-plate 
models are nearly  constant  over  the  range of a l t i tudes  from sea l eve l  
to-approximately 50,000 feet;  Above 50,000 feet there i s  a gradual 
decrease i n  both  the  indicated  f lut ter   veloci ty  and f l u t t e r  frequency. 
This  drop is probabiy due to the relat ively  high Mach numbers obtained 
in t h i s  range, M =-0.55 t o  0.80. The absence of any abrupt  change i n  
the   f l u t t e r   ve loc i ty  and Brequency indicated  there was no change i n   t h e  
mode of  f l u t t e r .  

Unlike  the  f lat-plate models, the results i n  figure 12 show t h a t  
models Ia and IC f lu t t e red   i n   t h ree   d i f f e ren t  modes over  the  range  of 
a l t i t udes  from sea l eve l  In 78,000 feet   while  model Ib  f lu t t e r ed   i n   fou r  
different-modes. These  changes in mode were obvious to  the  observer 
of the f l u t t e r  tests and are  shown in   f igure  I 2  wherever there  i s  a 
change i n  the  slope of  the  flutter-speed curves and an abrupt change i n  
the  frequency. . .  . .  . . .  

It i s  in te res t ing   to ;note   in  figure 12 t h a t  a t  an  a l t i tude of 
50,000 feet model I€- Tlct tered i n  two d i f fe ren t  modes. This. phenomenon 
was possible  because  f lutter  at-the lower velocity was suf f ic ien t ly  m i l d  
t h a t   t h i s   f l u t t e r  speed  could  be ex.ceeded without damage to   the  model. - 

Also ln figure 12 are eight-flutter points  obtained from a model (1') 
i den t i ca l   t o  model I. Considering the many changes i n   t h e   f l u t t e r  
mode, t h i s  model f l u t t e r e d   a t   v e l o c i t i e s  which were surprisingly  close 
to   those of model I. Due to malfunctioning of the  recording  oscillograph 
the   f lu t te r   f requencies   a f  model 1' were no-tobt-ained. Model I '  was 
inadvertent ly   f lut tered t o  destruction a t  a velocity  of 433 f e e t  per 
second  and a pressure  a l t i tude o f  i3,6OOO feet-; The f l u t t e r  parameters 
of t h i s  model are included  in table V. 

Although the wing coqetmction  of the ro l l i ng  model, 11, w a 8  quite. 
similar t o   t h a t  of model I; the f l u t t e r   c h a r a c t e r i s t i c s   ( f i g .  13) 
differed  considerably.. Model I1 displayed none o f t h e  many mode changes 
with  a l t i tude-character is t ic  o f  inode1 I but  f lut tered a t  an  indicated 

. 
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f l u t t e r   v e l a c i t y  and  frequency which were relatively  constant  over  the 

metric mode. - en t i r e  range'   of  al t i tudes.   Flutter of the rolling model w a s  i n  a sym- 

7 

Effect  of cut t ing  off   t ip . -  As can  be  seen from figures 11 and 13, 
cut t ing  off  a portion OF the wing t i p s  of models III and I1 had only 
mall ef fec t s  on the   indicated  f lut ter   veloci t ies  and frequencies. 
Model I, however, reacted somewhat different ly .  A t  sea level ,   ( f ig .  12) 
t he   r e l a t ive   f l u t t e r  speeds  of  the three models (Ia, Ib, and IC) were 
as would be expected; t h a t  is, model Ia, whose t i p  was qui te   f lexible ,  
f l u t t e r ed  at  the  lowest speed, while model IC, which had  one-sixth  of 
the span cu t  from the   t ip ,   f lu t te red  at the highest  speed. The r e l a t ive  
f lut ter   veloci t ies   of   these three models change wi th   a l t i tude   un t i l  a t  
50,000 f e e t  the order is the  reverse  of that a t  sea  level.  

Remarks on theoretical  considerations.- Some indications  as  to  the 
problems  of  performing a theore t ica l  analysis f o r  a delta-wing  config- 
uration can  be  obtained from an examination  of the  experimental  results. 
A comparison of the  frequencies a t  which the models f lu t te red   ( f igs .  11, 
E, and-13)  with  the  frequencies of the  natural   vibration modes given 
previously shows t h a t  models I11 and I1 f lu t te red   a t   f requencies  which 
lay between those  of  the first and  second natural   vibration modes. 
Model I, however, f l u t t e r ed  a t  several   d is t inct ly   different   f requencies  
which f e l l  at random between the  frequencies of the f irst  and fourth 
natural  modes of the mgdel. Thus a modal type of f lu t te r   ana lys i s  of a 
de l ta  wing would probably  require four o r  more degrees of freedom. 

quencies ( f ig s .  6 to 9 ) ,  however, shows large  dis tor t ions of  t h e   a i r f o i l  
camber l ine  a t   these  f requencies .  It would thus  seem,that  appreciable 
e r ro r  m i g h t  be  introduced by the  use  of a structural   representation of 
wings  of  very low aspect   ra t io  which considers o n l y  the  deflections of  
the  locus of f lexural  centers.  A more appropriate approach to the prob- 
l e m  which could  account i n  some degree fo r   t he  camber bending would be 
the  ut i l izat ion  of   inf luence  coeff ic ients  a t  several chordwise  and span- 
wise posit ions such as those  given  for the present models in   t ab les  I 
and 11. 

L 

- Examination of the mode shapes  of  the  three models a t  the  higher  fre- 

Although, as discussed  previously, a modal analysis  neglects some 
factors ,  such an analysis of the  Raleigh-Ritz type was made f o r  model I 
to determine i f  the  error  would be  important. The calculations were 
made with the assumption of two-dimensiokl. a i r  flow  and t e e e  degrees 
of freedom. It i s  realized  that   the  use  of two-dimensional air forces 
is  n o t   r e a l i s t i c   f o r  such low-aspect-ratio wings and certainly  contrib- 
uted to the   f ac t   t ha t   t he   ca l cu la t ed   f l u t t e r   ve loc i t i e s  were only  40 

with  the  assumption of  the chord t o  be p a r a l l e l  t o  t h e   a i r  stream. The 
e r ro r  was reduced  only s l i gh t ly  by assuming the  chord to be normal to 

x t o  60 percent of the  experimental  values. These r e su l t s  were obtained 

.. the   bisector  of the  t ip  angle.  On the  basis  of these results, it appears 

" 
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that a t h e a r e t i c a l   f l u t t e r a n a l y s i s  of a de l ta  wing should  take  into 
account-the camber bendihg  found a t  the higher  frequencies and should 
u t i l i z e  three-dimensional air  forces. 

CONCLUDING REMARKS 

The r e su l t s  of 90 wind-tunnel f l u t t e r   t e s t s   c a r r i e d  out on three 
delta-wing models f o r  a range  of  tunnel  press.xes  corresgonding t o  
a l t i tudes  from se.a leve l  t o  78,000 feet-have  been  presented. TWO of the 
models tes ted   f lu t te redoaer   the  range  of  pressures a t v a l u e s  of  the 
indicated  f lut ter   velaci ty  and the   f l u t t e r  frequency which were essen- 
t ially  constant.   Cutting o f f  the   re la t ive ly   f lex ib le   t ips  of these 
models had  only a minor e f fec t  upon the  f lut ter   veloci ty .  The indicated 
f lu t te r   ve loc i ty  and the  frequency  of  the  third model varied. greatly 
with the   a l t i tude   o r  a i r  density due t o  changes in   the mode of f l u t t e r .  
Cutting o f f  .the t i p  for t h i s .  case  .had a pronounced e f f ec t  upon the 
f lu t te r   ve loc i ty .  

Comparison Of the flutter  frequencies of  the models with  the  fre- 
quencies of the natural modes oi-vibration showed that one-of  the models 
f lu t t e r ed  a t  several   dist inctly  different  frequencies which f e l l  at- 
random between the  frequencies of t h e   f i r s t  and fourth  natural  modes of 
this model. Thus, it- appears tha-tr-a theoret ical   analysis   for  this type 
o f  configuration  should be able to represent at. l e a a t  mode shapes of 
t h e   f i r s t   f o u r  degrees of  freedom. Further,  -since  photographs of the 
models vikrating a t  t h e i r  natural frequencies showed large  dis tor t ion 
of the camber l ine  at the higher  frequencies,  the method of anaiysis 
should  be  able  to  represent  the- mode. shapes.  in..the chordwise. as well  as 
the spanwise- directions.  

. .  

Langley Aeronautical  Laboratory 
National Advisory Committee f o r  Aeronautics 

Langley Field,  Va.  

1. Herr, Robert W.: Preliminary ExperfmentaL.Invest1gation of F lu t t e r  
Characterist ics oPM and W Wings. NACA RM L51E31, 1951. 
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I 

Mach 
number ( radlans/sec)  

u) Hodel 

IIIa 

3.54 
3.90 

5.10 
4.42 

5.70 
7.22 
9.07 

l l .22  
u.47 
14-43 

94.8 
95.4 
94.8 
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78.5 
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2.45 x 

.472 

. m p 4  

.001916 

.OOl* 

.a00619 

.OOlll5 

.mm 

.000341 

.Ma251 

. m i 6 3  

246 2.34 

248 1.90 
249 1.a 
Q46 1.21 
241 1.02 
2 9  .865 
235  .733 
216 .Sk 

241 2.07 
.=3 
.240 
,278 
,324 
.437 .w 
.573 
.665 
.767 

232 
.a5 
.m . P 4  
a 3 9 9  

.4% 

.668 .536 

.769 .m 
I 

3.95 
3.58 

4.43 
5.19 
6.97 
8.06 

10.9 
9.36 

13 -55 

3.54 
3.90 
4.36 
5.06 
6.19 

8.35 
7.m 

10.60 12.60 
l3.W 

IIIb 

9.42 
2.19 
1.91 
1.65 
1.36 
1.18 

.595 

.76e 

.537 
,537 

IIIC 

. .. 
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u3 
367 3.38 

2.80 
2.3 

1.W 
1.87 

1.M 

.330 

b,. 19 

IC 

546 
546 
5h6 

I I .  

. . .  
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3.93 
4.48 
5-17 
6.51 
7 -72 
9-31 

3.48 
3.84 
4.35 

5.62: 
5.10 

6-37 

8.66 
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3.53 
3.95 
4.49 
5-19 
6.46 
7-67 

2.60 
3.w 
3.69 
4.33 
9-17 
6.43 

406 I 75h 
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362 ' 1.20 
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.7$ 
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.m 

1.41 

1-02 
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Figure 1. - Plan  and cross-eectfonal vhwe of model Ia. 
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Figure 2.- Location  of points a t  which influence  coefficients were  measured. 
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Figure .3. - Loci of flexural centers. 
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Figure 4.- Variation of mas m with span. 



. .  

.1 .e . 3  .4 .5 .6 .7 .I¶ , .9 1.0 
8eslapan rhtlon ,' 

Figure 5.- Variation of mass moment of ine*ia I,. with 6pan. 
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(a) F i r s t   n a t u r a l   v i b r a t i o n  mode, UQ a 176 radians  per second. 

Figure 6. - Natural v ibra t ion  modes of model Ia. - 
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(b) Second natural vibration mode, 9 ~ ' 3 5 8  radians per second. 

Figure 6 . -  Continued. 
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(c) ThFrd natural vibration mode, 9 E 408 radians per eecond. 

Fl- 6 . -  Continued. 
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(a) Fourth natural vibration mode, ' 9 ~  = radians per second. 

Figure 6.- Contaued. 
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(a) F l r s t  natural vibration rode, 9 = 179 radians per second. 

Figure 7. - Natural vibration mode0 of model Ib. 
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(b) Second natural. vibration mode, 9 = 358 raaiam per second. 

Figure 7.- Concluded. 
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(a) First na urd vibration mode, UQ = 204 radians p e r  second. 

Figure 8.- Natural vibration modes of model IC. 
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(a) Second natural vibra t ion  mode, I+ = 364 rad- per second. 

Figure 8.- Continued. 
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(c)  Third natural vibration mode, 9 = 521 radians per second. . 
Figure 8.- Con'cluded. 
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(a) First natural vibration mode, q = 28.3 rad- per second. 

Figure 9.- Natural vibration modes of  model IIIc. 
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(b) Second natural vibration mode, 9 1 1.26 radians per second. 

Figure 9. - 'Contbued. 
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( c )  Third natural vibration mode, 9 = 176 radians per second. 

Figure 9.- Concluded. 
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Figure 11.- Variation of indicated flutter  velocity and circular f lu t t e r  
frequency wlth altitude; model 111. 
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Figure 12.- VarLation of indicated f lut ter  velocity and c i r c u l a r  flutter I 

frequency with a l t i tude ;  model I. 
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Figure 13.- Varh t lon  of indicated flutter  velocity ana circular  flutter 
frequency with altigude; model 11. 
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